Side-streams in wastewater treatment plants can serve as concentrated sources of nutrients 29 (i.e. nitrogen and phosphorus) to support the growth of photosynthetic organisms that ultimately 30 serve as feedstock for production of fuels and chemicals. However, other chemical characteristics 31 of these streams may inhibit growth in unanticipated ways. Here, we evaluated the use of liquid 32 recovered from municipal anaerobic digesters via gravity belt filtration as a nutrient source for 33 growing the cyanobacterium Synechococcus sp. strain PCC 7002. The gravity belt filtrate (GBF) 34 contained high levels of complex dissolved organic matter (DOM), which seemed to negatively 35 influence cells. We investigated the impact of GBF on physiological parameters such as growth 36 rate, membrane integrity, membrane composition, photosystem composition, and oxygen 37 evolution from photosystem II. At 37°C, we observed an inverse correlation between GBF 38 concentration and membrane integrity. Radical production was also detected upon exposure to 39 GBF at 37°C. However, at 27°C the dose dependent relationship between GBF concentration and 40 lack of membrane integrity was abolished. Immediate resuspension of strains in high doses of GBF 41 showed markedly reduced oxygen evolution rates relative to the control. Together, this suggests 42 that one mechanism responsible for GBF toxicity to Synechococcus is the interruption of 43 photosynthetic electron flow and subsequent phenomena. We hypothesize this is likely due to the 44 presence of phenolic compounds within the DOM. 45 46 IMPORTANCE 47 Cyanobacteria are viewed as promising platforms to produce fuels and/or high-value 48 chemicals as part of so-called "bio-refineries". Their integration into wastewater treatment systems 49 is particularly interesting because removal of the nitrogen and phosphorus in many wastewater 50 61
3 streams is an expensive but necessary part of wastewater treatment. In this study, we evaluated 51 strategies for cultivating Synechococcus strain PCC 7002 on media comprised of two wastewater 52 streams; treated secondary effluent supplemented with the liquid fraction extracted from sludge 53 following anaerobic digestion. This strain is commonly used for metabolic engineering to produce 54 a variety of valuable chemical products and product precursors (e.g. lactate). However, initial 55 attempts to grow PCC 7002 under otherwise standard conditions of light and temperature failed. 56
We thus systematically evaluated alternative cultivation conditions and then used multiple 57 methods to dissect the apparent toxicity of the media under standard cultivation conditions. 58 59 60 INTRODUCTION 5 and the treatment process, but it is largely comprised of hydrophilic, fulvic, and humic substances 84 (14, 15) . Humics can induce damaging permeability in model and bacterial membranes (16, 17) . 85
Various studies have also demonstrated that fulvic and humic acids can enhance the solubility of 86 many organic compounds (18), which in turn would augment their bioavailability and potential 87 membrane permeability. Many of these compounds are also photo-reactive, producing toxic 88 hydrogen peroxide and hydroxyl radicals (19, 20) , which is of significant concern for phototroph 89 cultivation. 90
The mode of DOM toxicity is thought to involve interactions with the protein-pigment 91 complex of photosystem II (PSII) in photosynthetic organisms, although the exact molecular 92 mechanism remains unclear (21). When the rate of light induced damage to PSII exceeds its rate 93 of repair, growth suppression and chlorosis result from the phenomena known as photoinhibition 94 (22) . When damage by photoinhibition is sufficient to hamper the natural ability to consume 95 electrons generated by photosynthesis, reactive oxygen species (ROS) are concomitantly produced 96 as an undesired by-product. Prolonged oxidative stress halts protein translation through oxidation 97 of specific cysteine residues in the ribosomal elongation factors (23). Given these findings, it is 98 increasingly evident that under conditions of sustained stress, regulation of electron flow is critical 99 to maintain homeostasis in photosynthetic organisms (24, 25) . Thus, it is important to understand 100 the mechanisms by which DOM may be interrupting electron flow in order to capitalize on the 101 potential of cyanobacteria to remediate wastewater and generate high-value chemicals. 102
In this study, we tested the practicality of using combined streams from a municipal 103 wastewater plant as a nutrient source for cyanobacterial cultivation. We used the euryhaline 104 cyanobacterium Synechococcus sp. strain PCC 7002 (PCC 7002) due to its exceptional tolerance 105 to high light intensity, salt, and other environmental stresses (26, 27) . Initial attempts to grow PCC 6 7002 in this nutrient source under standard environmental conditions for this strain (1% (v/v) CO 2 , 107 a temperature of 37°C, and illumination of 200 µmol photons m -2 s -1 ) resulted in photobleached 108 (white-yellow) cultures. In an effort to explain this observation while developing more feasible 109 cultivation conditions, we assessed the effects of many environmental parameters during PCC 110 7002 cultivation in wastewater-based media by monitoring changes in growth rate, photopigment 111 abundance, oxygen evolution rates, membrane integrity, and membrane composition. High GBF 112 concentrations were associated with elevated DOM levels. Decreased photosynthetic oxygen 113 production rates were also noted upon exposure to high levels of GBF. We observed marked 114 membrane permeability, photosystem degradation, low growth rates, and ROS production in 115 cultures exposed to GBF at 37°C. In comparison, at 27°C the cultures grown on GBF had reduced 116 membrane permeability, robust growth rates, as well as high levels of total fatty acids and an 117 elevated unsaturated fatty acid content relative to control. This suggests bioavailability of the 118 photoinhibitory compound in GBF is governed by changes in membrane content 
GBF and secondary effluent characteristics 200
We measured nutrient concentrations from the batches of GBF collected over the 6 month 201 experimental period ( Table 1 and Table 2 ), to ascertain if it was a stable and reliable nutrient source 202 for cultivating the cyanobacteria. Sampling points from the Nine Springs Wastewater Treatment 203 Plant (Dane County, Wisconsin, USA) are shown in Figure 1 . In order to calculate nutrient 204 stoichiometries, we took the sum of NH 3 -N and NO 3 -N to be the bioavailable N. Nutrient levels 205 in the GBF were markedly more variable than in the secondary effluent. The average molar ratio 206 of bioavailable N to SRP was 35 ± 7 in GBF (12.5% v/v) diluted with secondary effluent, as 207 compared to 32 in Medium A + . 208
We also measured DOM quality in the secondary effluent and GBF using 209 excitation−emission matrix (EEM) fluorescence spectroscopy (37) because we hypothesized that 210 DOM was linked to toxicity during cultivation, as has been shown in prior studies (16, 17, 38) . 211 EEM fluorescence spectroscopy revealed that secondary effluent contained diffuse constituents, 212
including humic [excitation wavelengths (>280 nm) and emission wavelengths (>380 nm)] and 213 fulvic acid-like [excitation wavelengths (<250 nm) and emission wavelengths (>350 nm)] spectra 214 relative to Medium A + (Figure 2 ). The distinction between the two substances is historically based 215 11 region [excitation wavelengths (270 -290 nm) and emission wavelengths (340-400 nm)] that points 219 to the presence of soluble microbial products, which include aromatic amino acids, carbohydrates, 220 or phenols (37, 41). Prior work has shown that the GBF stream of the Nine Springs Treatment 221
Plant contained high molecular weight DOM, which was dissimilar in composition to other 222 internal streams (42) 223
Dose-dependent tolerance to GBF is a function of growth temperature 224
To evaluate the effects of GBF dosage on PCC 7002 physiology, we measured biomass 225 accumulation ( Figure 3 ) and growth rates (Table 3) the control and there was no significant difference between the tested GBF concentrations. Under 234 100 µmol photons m − 2 s − 1 and 27°C, growth rates were comparable across media conditions. Thus, 235 successful cultivation using the more concentrated GBF media required adjusting both the light 236 and temperature regimes. 237
Dose-dependent membrane permeability of GBF is a function of growth temperature 238
We wondered whether the decreased growth rates in GBF at 37°C was a result of 239 membrane permeability, given the known effect of humic acids on membrane integrity (16, 17). 12 To track the dynamics of GBF induced membrane permeability, we employed forward scatter flow 241 cytometry using SYTO 59 as a counterstain to identify cells, which were subsequently visualized 242 for membrane permeability using Sytox Green. As Sytox Green is a membrane impermeable dye 243 that fluoresces when binding to nucleic acids (43), fluorescence would indicate compromised outer 244 membrane structures. Two distinct phases were identified upon exposure to GBF, which we 245 interpreted as initial and chronic membrane permeability ( Figure 4 ). Initial membrane permeability 246 was defined as the Sytox Green positive events for samples analyzed within the first 10 hours of 247 growth, while chronic membrane permeability accounted for the Sytox Green positive events 248 during subsequent time points. As was the case for growth rate, a relationship between both initial 249 and chronic membrane permeability and increasing GBF concentrations was found at 37°C ( Figure  250 4a). While we still detected considerable initial membrane permeability with GBF exposure at 251 27°C, chronic membrane permeability decreased over time, mostly likely to the increase in 252 biomass ( Figure 3 ). Altogether, this suggested that there was a temperature dependent adaptation 253 that ameliorated the susceptibility of cultures to GBF induced membrane permeability. 254
Exposure to GBF at high temperatures generates radicals and destroys the photosynthetic 255 pigments 256
We directly measured the ROS content and membrane permeability in response to 257 overnight GBF exposure at 37°C using the fluorophores Sytox Green and CellROX Orange (Figure 258 5). We examined the capacity of reducing agents Dithiothreitol (DTT) or N-acetylcysteine (NAC) 259 to quench the media toxicity, since they have anti-oxidant properties due to the direct reduction of 260 disulfide bonds or as precursors for the anti-oxidant glutathione (44). To measure their effect on 261 the ROS production and culture viability after GBF exposure, we assessed ROS content and 262 membrane integrity with either concurrent addition or preincubation of these quenching 13 compounds in the diluted (12.5% v/v) GBF media. Addition of 100 µM methyl viologen to 264 Medium A + served as a positive control. Exposure of cells to 12.5%-GBF media resulted in marked 265 ROS production and membrane permeability, which no thiol treatment alleviated. 266
Photobleaching of the photosynthetic pigments is also a common symptom of oxidative 267 stress in photosynthetic organisms and is caused by the accumulation of ROS (45). To investigate 268 the effects of GBF media on the photosynthetic pigmentation, we performed whole cell absorbance 269 scans of cultures cultivated at two different temperatures (27°C vs 37°C) and the same light 
Exposure to GBF retards oxygen evolution 275
To better delineate the cause of initial toxicity associated with high GBF concentrations, 276
we measured maximal oxygen evolution rates for strains briefly exposed to media with 12.5% v/v 277 GBF while increasing the light intensity. Measurements of photosynthetic oxygen evolution would 278 allow for an indirect assessment of PSII activity and electron transfer (46). Cultures were grown 279 to early linear phase in Medium A + or GBF media, washed, and resuspended in the appropriate 280 media. Resuspension media was saturated with HCO 3 -(10 mM) in order to prevent inorganic 281 carbon limitation. As expected, cells grown and assayed in Medium A + at 37°C showed a clear 282 increase in O 2 evolution rate as the light intensity approached saturation at 2700 µm photons 283 m − 2 s − 1 , reaching a maximal rate of 240 ± 8 µmol O 2 (mg Chl a) -1 h -1 (Figure 7a ). Cells grown in 284 Medium A + at 37°C but assayed in 12.5% GBF had diminished O 2 evolution rates at all light 285 intensities, plateauing with a rate of 79 ± 6 µmol O 2 (mg Chl a) -1 h -1 at an intensity of 270 µmol 286 14 photons m − 2 s − 1 (Figure 7a ). Thus, exposure to GBF under these conditions caused an immediate 287 decrease in O 2 production. 288
Next, we examined the effect of temperature in a similar experiment. Assays carried out in 289
Medium A + after growth in Medium A + at 27°C showed much higher maximal O 2 evolution rates 290 at all tested light intensities than with cells grown at 37°C (Figure 7b ), peaking at a rate 556 ± 102 291 µmol O 2 (mg Chl a) -1 h -1 ). This was expected because elevated O 2 evolution rates in low 292 temperature grown cells have been previously reported and were attributed to a substantial change 293 in photosystem stoichiometry (47) . The O 2 evolution rates of cells grown in Medium A + at 27°C 294 and then resuspended in 12.5% GBF stayed relatively constant at all of the tested intensities and 295 were roughly 5-fold lower than in controls, with a maximal rate of 109 ± 22 µmol O 2 (mg Chl a) -296 1 h -1 at an intensity of 75 µmol photons m − 2 s − 1 . We compared the above rates to those from 297 cultures grown in 12.5% GBF at 27°C to test if adaptation to GBF was met with changes in 298 photosynthetic activity. At the examined light intensities, O 2 evolution rates with 27°C GBF-299 adapted cultures were not statistically different from those measured in cultures grown at the same 300 temperature in Medium A + . Finally, we conducted the inverse experiment, using cultures grown 301 in GBF media at 27°C but assayed in Medium A + under saturating light. Interestingly, they 302 displayed the highest evolution rate of any tested condition, at 944 ± 96 µmol O 2 (mg Chl a) -1 h -1 303 ( Figure 7b ). This suggested that there is a period of dynamic photosynthetic adaptation to 304 overcome the stress of GBF, and that when the stress is removed, the cells have an enhanced 305 capacity for photosynthetic activity. 306
Additional assays were performed at light saturation (2700 µmol m − 2 s − 1 ) with cultures 307 adapted to 37°C ( Figure 8 ) to further examine the effects of media conditions on oxygen evolution 308 rates. Again, oxygen evolution rates in GBF (73 ± 8 µmol O 2 (mg Chl a) -1 h -1 ) were much lower 15 than Medium A + (248 ± 21 µmol O 2 (mg Chl a) -1 h -1 ). In order to rule out the effect of differences 310 in overall ionic strength, we increased the osmolarity of the GBF medium by adding NaCl to match 311 the levels found in Medium A + , and found no statistical difference in oxygen evolution as 312 compared to experiments without added NaCl. Attempts to eliminate the inhibitory effect of GBF 313 on oxygen evolution by gravity filtration through powdered activated carbon were unsuccessful. 314
We also measured oxygen evolution rates in control experiments designed to inhibit 315 photosynthetic electron transfer through 10 µM DCMU addition to Medium A + (48) , and to prevent 316 de-novo protein synthesis by pre-treating cultures with 800 µg ml -1 Lincomycin in Medium A + 317 (49), prior to incubation at light saturation for 1 hour. However, evolution rates with these controls 318 were higher than those treated with GBF. Therefore, no definitive conclusion about the molecular 319 mechanism responsible for reduced oxygen evolution rates in the presence of GBF could be made. 320
Acclimation to GBF changes lipid content and composition 321
Based on the results described above, we hypothesized that the temperature dependent 322 adaptation may be related to changes in membrane content and composition. We extracted total 323 fatty acids of cultures grown at 27°C for 72 hours in 12.5% GBF or Medium A + , and analyzed the 324 content after derivatization. We could detect and resolve all major saturated and unsaturated fatty 325 acid species (Table 4 ). Cultures grown in GBF had greater totals of assayed fatty acid species (27 326 ± 7 mg FAME gDCW -1 ) when compared to cells grown in Medium A + (15 ± 1 mg FAME gDCW -327 1 ) ( Table 4 ). The most abundant fatty acid in all samples was 16:0 (42-45% of the total fatty acids). 328 C18:2 ∆9,12 fatty acids comprised a significant fraction of Medium A + grown cultures with 22% 329 of the total fatty acid species. However, in GBF-grown cells C18:2 ∆9,12 fatty acids were only 330 15% of the total fatty acid pool, while C18:3 ∆9,12,15 fatty acids were twice as high in GBF grown 16 altering their membrane homeostasis when grown in GBF, as compared to standard growth in 333 Medium A + . While we did not differentiate the fatty acid content and composition between the 334 outer, plasma, or thylakoid membranes in our study, prior work done with the cyanobacterium 335
Synechocystis PCC 6803 found similar fatty acid composition between thylakoid and plasma 336 membranes (50) . 337
DISCUSSION 338
The amount and distribution of arable land and potable water are projected to change over 339 the next several decades due to climate change, while the rise in global population and standard of 340 living are expected to increase demand for these resources (51) . Microalgal cultivation integrated 341 with industrial and municipal wastewater treatment circumvents many of the resource concerns 342 raised over biofuel production (2) , while simultaneously removing additional nutrients and 343 pollutants present in the wastewater (52) . Synechococcus PCC 7002 is an intriguing possible 344 platform for this purpose, since it can be readily engineered to produce high-value chemicals (53) . 345
However, under standard environmental conditions we were unable to obtain robust growth of 346 PCC 7002 using a diluted municipal side stream (GBF) as a nutrient source. We hypothesized that 347 this effect may be due to the presence of DOM, which has been demonstrated to cause a decrease 348 in photosynthetic performance in various cyanobacteria strains (54-56). We investigated the 349 effects of light intensity and temperature on the physiology of cultures grown in GBF, in an effort 350 to find conditions conducive to high growth rates and biomass generation, and to better understand 351 the mechanisms of GBF toxicity. 352
We propose that the herbicidal effect of GBF is primarily due to PSII inhibition as shown Chronic exposure to phenolic herbicides eventually leads to radical-catalyzed back reactions that 362 trigger ROS formation (60) ( Figure 5 ) that facilitates complex destruction ( Figure 6 ) and cell death 363 (45, 61-64). Some phenolic herbicides may also act as arylating agents, causing covalent binding 364 to macromolecules via Michael addition and thiol pool depletion (65) . The inability of the reducing 365 agents we tested to maintain membrane integrity suggests that GBF-induced cytomembrane 366 permeability is likely caused by redox cycling, and not arylation. 367
We found that cultivation temperature was an important factor determined whether PCC 368 7002 could grow under high GBF concentrations. Numerous physiological processes are altered 369 at low temperatures (66) . Notably, the fatty acyl chains in membranes undergo a transition from a 370 fluid to nonfluid state (67) . Cyanobacterial membrane organization is complicated by the 371 simultaneous existence of the outer, plasma, and thylakoid membranes, each with a designated 372 physiological function (68) . As part of the homeoviscous response upon a shift to a lower 373 temperature, cyanobacteria alter the expression of desaturases in their plasma and thylakoid 374 membranes (69) to increase unsaturated fatty acid content and maintain optimal membrane 375 function (70) . Optimal thylakoid membrane fluidity is a critical factor in photosynthetic electron 376 transport, because co-utilized redox components must be able to move quickly between 377 photosynthetic and respiratory complexes to ensure ideal electron flow (71, 72). Temperature is 378 known to influence the kinetics governing the redox state of plastiquinone (PQ) through alterations 379 in thylakoid membrane composition and fluidity (73). We hypothesize that alteration of the 380 thylakoid membrane to circumvent GBF induced changes in the overall redox state is also an 381 important component of the adaptive response to lower temperatures, given the increase in total 382 unsaturated fatty acids observed during cultivation in GBF-based media ( Table 4 ). Upon shifts to 383 a lower temperature (74), PCC 7002 has also been shown to translocate the phycobilisomes from 384 PSII to PSI, thereby decreasing the ratio of reducing power to proton-motive force (75). Mutant 385 cells of the cyanobacterium Synechocystis PCC 6803 that lacked polyunsaturated fatty acids were 386 unable to perform these state transitions at low temperatures (76). This change in photosystem 387 arrangement at 27°C may also contribute to acclimation to the photoinhibitory compound. Future 388 efforts to increase tolerance to these toxicants might include disruption of the inhibitor binding 389 sites (77, 78) or optimizing thylakoid membrane fluidity (79). 390
CONCLUSIONS 391
Under standard cultivation conditions of 37°C with the cyanobacteria Synechococcus sp. 392 strain PCC 7002, there was a dose-dependent relationship between liquid anaerobic digestate 393 (GBF) concentration and membrane permeability. This dose-dependent relationship mirrored ROS 394 production and photopigment degradation. Digestate contained dissolved organic matter 395 constituents that were likely affecting photosynthetic electron transport. Decreasing the cultivation 396 temperature to 27°C enabled robust cultivation at high digestate concentrations, resulting in high 397 biomass productivities. This temperature dependent tolerance may be due to changes in membrane 398
properties. Our study highlights an unanticipated influence of dissolved organic matter on 399 photosynthetic growth and physiology in wastewater based media, as well as a potential 400 mechanism for tolerance in low temperatures. hours. The spectra were recorded in dilute cell suspensions and normalized to an OD 730 . The peak at 438 nm is due to carotenoids, the peak at 637 nm is due to phycobilisomes, and the peak at 683 nm is due to chlorophyll a. hours. Fatty acids were extracted and derivatized as previously described. The values represent the mean ± SD of two independent experiments. * represent statistically significant differences from control (p-value<0.005 using an unpaired t-test) 5 hours. The spectra were recorded in dilute cell suspensions and normalized to an OD 730 . The peak 5 at 438 nm is due to carotenoids, the peak at 637 nm is due to phycobilisomes, and the peak at 683 nm is due to chlorophyll a. 
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